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The potential of muon colliders to address fundamental physics issues is explored, with emphasis on understanding the 
nature of electroweak symmetry breaking. The s-channel production of Higgs bosons, unique to a muon collider, along 
with precision measurements of W + W~ , ti, and Zh thresholds would determine the properties of Higgs bosons and test 
electroweak radiative corrections. At the high energy frontier, a 4 TeV muon collider is ideally suited to study either the 
production of supersymmetric scalar particles or a strongly interacting WW sector. 



1. Introduction 

Why should we be interested in muon colliders? The 
reasons derive from the large mass of the muon com- 
pared to the electron. Far less radiation from muons 
allows excellent energy resolution (~few MeV) and 
fine energy calibration (AE/E ~ 1 ppm). These fea- 
tures, and the enhanced coupling of the Higgs bo- 
son to muons, make possible s-channel Higgs reso- 
nance studies. Moreover, multi-TeV muon colliders 
with high luminosity are feasible for the study of high 
threshold phenomena. But muon colliders pose a chal- 
lenging technology because of the short muon lifetime 
(t^ ~ 2.2 x 10~ 6 s, ct p ~ 660 m), /j-decay and rescat- 
tering backgrounds in the detector, and possible ra- 
diation hazards at high energies from neutrinos emit- 
ted in muon decays. Nonetheless, the physics merits 
of muon colliders fully warrant research and develop- 
ment towards their realization. The recent accelerator 
developments related to the design of muon colliders 
are summarized in the proceedings of a series of work- 
shops [[!]. This report is devoted to a discussion of the 
physics that can be done at muon colliders, which has 
also been the subject of intense investigations^. 

Several muon collider designs are under considera- 
tion. The First Muon Collider (FMC) is presently en- 
visaged to operate at a center-of-mass energy in the 
range from Mz to above the ti threshold with corre- 
sponding average luminosities of 10 32 to 10 33 cm" 2 s -1 
(1 to 10 fb _1 /yr). The FMC would be a first step 
towards a very high energy collider, the Next Muon 
Collider, with cm. energy of 3 to 4 TeV and luminos- 
ity lO^cm^s- 1 (1000 fb-yyr). 

Muon colliders would enable us to resolve the major 
physics issue of our time: how is the electroweak sym- 
metry broken? There are two scenarios for the sym- 
metry breaking. A weakly broken scenario is based on 
Higgs bosons, and the most popular version invokes 
a low energy supersymmetry (SUSY). A strongly bro- 
ken electroweak scenario (SEWS) most likely would 
involve new resonances at the TeV scale of a still un- 
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known dynamics. Muon colliders offer unique physics 
opportunities such as s-channel Higgs production, pre- 
cision threshold measurements, and high energy and 
luminosity for SEWS or SUSY studies of TeV mass 
scale particles. 

2. s-channel Higgs Production 

Higgs bosons can be produced in the s-channel with 
interesting rates at a muon collider ,which is an unique 
highly advantageous prospect [ El m. The resonance 
cross section is 
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where s is the cm. energy squared, r^ ot is the total 
width, and X denotes the final state. The Higgs cou- 
pling to fermions is proportional to the fermion mass 
so the corresponding s-channel process is highly sup- 
pressed at e + e~ colliders. The cross section must be 
convoluted with the energy resolution, approximated 
by a Gaussian distribution of width er yj, 
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The root mean square spread cx/^ in cm. energy is 
given in terms of the beam resolution R by 
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where a resolution down to R = 0.003% may be real- 
ized at the FMC. In comparison, values of R > 1% are 
expected at a linear e + e~ collider. To study a Higgs 
resonance one wants to be able to tune the machine 
energy to ^/s = m^. For this purpose the monochro- 
maticity of the beam energy is vital. 

When the resolution is much larger than the Higgs 
width, 3> r^ ot , the effective s-channel cross section 
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In the other extreme of resolution much smaller than 
the width 
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-C 1^ , the effective cross section is 
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Figure 1 illustrates the SM Higgs cross section for 
several choices of the machine resolution. The res- 
olution requirements for the machine depend on the 
Higgs width. Figure 2 gives both SM and SUSY Higgs 
width predictions versus the Higgs mass. A SM Higgs 
of mass m/i ~ 100 GeV has a width of a few MeV. 
The width of the lightest SUSY Higgs may be com- 
parable to that of the SM Higgs (if tan/3 ~ 1.8) or 
much larger (T h ~ 0.5 GeV for tan^ ~ 50 GeV). Fig- 
ure 3 shows light Higgs resonance profiles versus the 
cm. energy y/s. With a resolution of order I\ 
the Breit-Wigner line shape can be measured and I\ 
determined. For the moment we must plan for a res- 
olution R < 0.01% in order to be sensitive to Th of a 
few MeV. 
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Standard Model Higgs Cross Sections 
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Figure 2. Total width of the SM and MSSM Higgs 
bosons with tan (3 — 2 and 20. From Ref. [ 0. 



If S/y/B ^ 3 is required for detection or rejection of 
a Higgs signal and a resolution R ~ 0.003% (o ~ 
2 MeV) is employed, then the necessary luminosity per 
scan point is 0.0015 fb _1 for < 2Mw and nih not 
near Mz- As an example, suppose that the LHC has 
measured rrih = 110 GeV ± 100 MeV. The number 
of scan points to cover a 200 MeV region in yfs at the 
FMC is 200 MeV/2 MeV ~ 100, and a total luminosity 
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Figure 1. The s-channel cross section for /j, + fi" — ► 
hsM for several choices of the beam resolution R. Also 
shown is the fi~ — ► ZhsM cross section at y/s = 
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M z + V2m hsM . From Ref. [§. 



The prospects for observing the SM Higgs are evalu- 
ated in Fig. 4. The first two panels give the signal and 
background for a resolution R = 0.01%. The third 
panel gives the necessary luminosity for a ho detection 
in the dominant bb final state. The luminosity require- 
ments are very reasonable, except for the Z-boson peak 
region. 

From a rough scan for the s-channel h° signal the 
mass can be determined to an accuracy Am^ ~ cr /j. 
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Figure 3. Effective s-channel higgs cross section &h 
obtained by convoluting the Breit-Wigner resonance 
formula with a Gaussian distribution for resolution R. 
From Ref. [01. 




Figure 4. The SM Higgs cross sections and back- 
grounds in bb, WW* and ZZ*. Also shown is the 
luminosity needed for a 5 standard deviation detection 
in bb. From Ref. [01. 



of 100 x (0.0015 fb^/point) = 0.15 ffcr 1 is needed to 
discover the Higgs and reach an accuracy on its mass of 
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Once rrih is determined to an accuracy Amj, ~ 
O [a ^) a three point fine scan can be made with 
one setting at the apparent peak and two settings 
on the wings at icryj from the peak. The ratios of 
(r(wing i )/(T(peak I ) determine rrih and T^. For exam- 
ple, for m/j SM = 110 GeV, T^ SM = 3 MeV, a 5% ac- 
curacy on T/i could be achieved with R = 0.003% and 
itotal = 2 fb _1 . 

The heavier neutral MSSM Higgs bosons are also 
observable in the s-channel. Figure 5 give the cross 
sections and significance of the CP-odd state A versus 
the A mass, assuming R = 0.1% and L = 0.01 fb _1 . 
Discovery and study of the A is possible at all wia if 
tan/3 > 2 and at < 2m t if tan j3 < 2. 

The possibility that A and H° may be nearly mass 
degenerate is of particular interest for s-channel Higgs 
studies. In the large ttia limit, typical of many su- 
pergravity models, the masses of ^4°, H° and are 
similar and h° is similar to hsyi in its properties. In 
this situation the A and H° contributions can be sep- 
arated by an s-channel scan; see Fig. 6. 

3. Threshold Physics at the FMC 

Precision measurements of the VF-boson and top 
quark masses provide important tests of radiative cor- 
rections through the relation 
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where Sr represents loop contributions [ || . In the SM, 
Sr depends on m\ and logm^; in the MSSM the spar- 



Figure 5. Cross sections and significance for detection 
of the A Higgs boson with an efficiency e = 0.5 and a 
luminosity L = 0.1 fb _1 . From Ref. [ [§. 
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Figure 6. Separation of ^4° and H° Higgs signals for 
two values of tan/3. From Ref. [ ||. 



ticle masses also enter in Sr. The optimal relative pre- 
cision for tests of this relation is AMyy ~ iJo Am t (for 
example, AM W « 6 MeV and Am t w 800 MeV). Pre- 
cision Myy and mt measurements can be made at the 
FMC. With 100 fb^ 1 of luminosity devoted to a mea- 
surement of aQi+fj,- -> W + W~) at Vs = 161 GeV, 
an accuracy [ |(| 



AM W = 6 MeV 
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could be realized. Figure 7 shows the WW cross sec- 
tion rise in the threshold region. With 100 fb _1 of 
luminosity to make a 10 point threshold region mea- 
surement of er(/i + (i~ —*tE), an accuracy 
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could be obtained [ gj. Figure 8 shows the tt thresh- 
old cross section. The shape of the ti cross section 




Figure 7. The — > W + W cross section in 
the threshold region for Mw = 80.3 GeV (solid) and 
M w = 80.1, 80.5 GeV (dashed). From Ref. [ §. 



Figure 9. Correlation of Mw and mt in the SM with 
electroweak and QCD corrections. The data point 
illustrates the potential accuracy of an indirect m/, 
determination with M w = 80.356 ± 0.006 GeV and 
m t = 175 ± 0.2 GeV. From Ref. [ §. 



rise with yfs also constrains a s and the top quark de- 
cay width. For the above precisions on Mw and mt, 
radiative corrections would constrain to 

Am h = 0.12m h , (10) 

which is illustrated in Fig. 9. 



Measurements of the — * Zh cross section 
just above threshold will allow a direct precision mea- 
surement of the Higgs mass. The threshold behavior 
is S wave, so the rise in the cross section is rapid, 
as shown in Fig. 10. The precision attainable from 
a 100 fb _1 measurement of the Zbb cross section at 
y/s = Mz + rrih + 0.5 GeV is shown in Fig. 11. For 
irih ~ 100 GeV, the estimated precision is[ 

Am /l -45McV. (11) 
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Figure 8. Threshold cross section for tt production; 
the curves correspond to shifts of mt in 200 MeV incre- 
ments. Sample data are based on a scan with 10 fb _1 
luminosity at each point. From Ref. [ @|. 



Figure 10. The — > Z*H — > ffH cross section 
versus \/s for various Higgs boson masses. The insert 
shows the threshold region for m# = 100 GeV. From 
Ref. [§. 




m„ [GeV] 



Figure 11. The precision Aran attainable from a 
50 fb - measurement of the Zbb cross section at y/s = 
Mz + run + 0.5 versus van- From Ref. [ |tJ. 



4. The High Energy Frontier 

There are compelling motivations from both the 
weakly and strongly interacting scenarios for con- 
structing a 3-4 TeV machine. 

4.1. Weak symmetry breaking 

Supersymmetry has many scalar particles (sleptons, 
squarks, Higgs bosons). Some or possibly many of 
these scalars may have TeV-scale masses [ |). Since 
spin-0 pair production is p-wave suppressed at lepton 
colliders, energies well above the thresholds are re- 
quired to have sufficient production rates; see Fig. 12. 
Moreover, the excellent initial state energy resolution 
of a muon collier is highly advantageous in reconstruct- 
ing sparticle mass spectra from their complex decays. 

4.2. Strong symmetry breaking 

If no Higgs boson exists with rrih < 600 GeV, then 
partial wave unitarity of WW — » WW scattering re- 
quires that the scattering be strong at the 1-2 TeV 
energy scale. The WW — ► WW scattering amplitude 
behaves like 

A ~ m 2 H /v 2 if light Higgs , (12) 
~ sww/v 2 if no light Higgs . (13) 

In the latter scenario new physics must be manifest at 
high energies. Energy reach is a critical matter here 
with subprocess energies -Jsww ~ 1-5 TeV needed to 
probe strong WW scattering. Since ~ (3-5) Ew, 
this condition implies 

~ (3-5)V^iF > 4 TeV . (14) 



Figure 12. Kinematic suppressions of the threshold 
cross sections of fermion pairs and squark pairs at e + e _ 
or p + p~ colliders. 



Thus a 4 TeV muon collider would have sufficient en- 
ergy for a comprehensive study of SEWS. 

The nature of the underlying physics will be revealed 
by the study of all possible vector boson - vector bo- 
son scattering channels, since the sizes of the signals 
depend on the resonant or nonresonant interactions in 
the different isospin channels. Several simple models 
for SEWS are: 

a) a heavy scalar particle (H°) with mass Ms ~ 
1 TeV and width T s ~ 300-500 GeV, 

b) a heavy vector particle (pre) with My ~ 1 TeV 
and T v ~ 200 GeV, 

c) a nonresonant amplitude A\y L Wl ~ s/v 2 (where 
v is the vacuum expectation value) which is an 
extrapolation of the low energy theorem (LET). 

The predictions of the three scenarios are distinct: 

H° pre LET 
<t(W l W l -> Z L Z L ) 1 1 3 

(t{W l W l -> W l Wl) ~ 2 2 2 1 ' 

The signals in all the models are impressive in size. 
For example, in the H° case, 

a(W + W- signal) = 70 fb , (16) 
<t(ZZ signal) = 40 fb , (17) 

where 

<r(signals) = <r{m H = 1 TeV) - a(m H = 0) . (18) 

With 1000 fb" 1 per year the Next Muon Collider will 
allow comprehensive studies to be made of any SEWS 
signals. Figure 13 illustrates the WW invariant mass 
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Figure 14. Normalized event distribution versus cos 8* 
of the q and q from W decays in the W + W~ final state. 
From Ref. [Hi. 



Figure 13. Events versus the VV invariant mass for 
two SEWS models (including the backgrounds) and 
for the backgrounds alone. From Ref. [ ^| . 



distribution for the models [ |[. It would be possible 
to measure the width of a 350 GeV scalar resonance 
to ±30 GeV and thereby differentiate among scalar 
models, for example. 

Angular distributions of the jets in the WW — * 4 jet 
final state will provide a powerful discrimination of 
SEWS from the light Higgs theory, as illustrated in 
Fig. 14. Here 8* is the angle of the q or q from W 
decays (in the W rest frame, relative to the W boost 
direction in the WW cm. frame) averaged over all con- 
figurations. 

5. Summary 

In summary, muon colliders offer decisive probes of 
electroweak symmetry breaking and physics beyond 
the standard model, including: 

• s-channel Higgs production for precision rrih and 

measurements, 

• WW, ti, Zh threshold measurements of Mw, mt, 
rrih to test EW radiative corrections, 

• the discovery and study of heavy MSSM Higgs 
(H~, A , H ± ), 

• heavy supersymmetric particle production of 
1 TeV states q, I, H, A, 



• a strongly interacting WW sector. 

Muon colliders are smaller and potentially less costly 
than other colliders of comparable energy [ [Tc||. They 
may consequently prove to be an excellent option for 
exploring the high energy frontier in the 21st century! 

Acknowledgments 

I thank M.S. Berger, J.F. Gunion, and T. Han for 
collaborations on the work reported here and T. Han 
for helpful discussions during the preparation of this 
report. This work was supported in part by the 
U.S. Department of Energy under Grant No. DE- 
FG02-95ER40896 and in part by the University of Wis- 
consin Research Committee with funds granted by the 
Wisconsin Alumni Research Foundation. 

REFERENCES 

1. Proceedings of the First Workshop on the Physics 
Potential and Development of (J. + fJ,~ Colliders, 
Napa, California, 1992, Nucl. Instr. and Meth. 
A350, 24 (1994); Proceedings of the Second Work- 
shop on the Physics Potential and Development of 
fi fJ>~ Colliders, Sausalito, California, 1994, ed. 
by D. Cline, American Institute of Physics Con- 
ference Proceedings 352 (AIP, New York, 1996); 
Proceedings of the 9th Advanced ICFA Beam Dy- 
namics Workshop: Beam Dynamics and Technol- 
ogy Issues for fJ, + (J.~ Colliders, Montauk, Long 
Island, 1995, ed. by J.C. Gallardo, American 
Institute of Physics Conference Proceedings 372 
(AIP, New York, 1996); Proceedings of the Sym- 
posium on Physics Potential and Development of 



Colliders, San Francisco, California, 1995, 
cd. by D. Cline and D. Sanders, Nucl. Phys. B 
Proceedings Supplement 51 A (1996); Col- 
lider: A Feasibility Study, 1996 DPF/DPB Sum- 
mer Study on New Directions for High-Energy 
Physics, Snowmass, Colorado, June 25-July 12, 
1996, Brookhaven National Laboratory publica- 
tion BNL-52503 (1996); R.B. Palmer and J.C. Gal- 
lardo, in Techniques and Concepts of High Energy 
Physics IX, ed. by T. Ferbel, Plenum Press (1997) 
[ acc-phys/9702017| . 

V. Barger, M.S. Berger, J.F. Gunion, and T. Han, 
Phys. Rep. 286, no. 1, p. 1 (1997). 
V. Barger et al., in Proceedings of Second Work- 
shop on Physics Potential and Development of 
fi + fj,~ Colliders, Sausalito, California, 1994, ed. by 
D. Cline, American Institute of Physics Conference 
Proceedings 352, p. 55 (AIP, New York, 1996). 
V. Barger, M.S. Berger, J.F. Gunion, and T. Han, 
Phys. Rev. Lett. 75, 1462 (1995). 
See e.g. P. Langacker and J. Erler, in Review 
of Particle Physics, Phys. Rev. D54, 85 (1996); 



K. Hagiwara, D. Haidt, and S. Matsumoto, |hcp- 
ph/9706331| (1997) 



V. Barger, M.S. Berger, J.F. Gunion, and T. Han, 

Phys. Rev. D56, 1714 (1997). 

V. Barger, M.S. Berger, J.F. Gunion, and T. Han, 

Phys. Rev. Lett. 78, 3991 (1997). 

See e.g. S. Ambrosiano and A. Nelson, Univer- 



sity of Was hington report UW-PT-97-11 Jhep- 
ph/97072421 (1997) 



9. V. Barger, M.S. Berger, J.F. Gunion, and T. Han, 
Phys. Rev. D55, 142 (1997). 

10. See e.g. R.B. Palmer and J.C. Gallardo, Brook- 
haven National Laboratory report BNL-64148 
(1997). 



7 



